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Available online 13 January 2016Studies of posttraumatic stress disorder (PTSD) are complicated bywide variability in the intensity and duration
of prior stressors in patient participants, secondary effects of chronic psychiatric illness, and a variable history of
treatment with psychiatric medications. In magnetic resonance imaging (MRI) studies, patient samples have
often been small, and they were not often compared to similarly stressed patients without PTSD in order to con-
trol for general stress effects. Findings from these studies have been inconsistent. The present study investigated
whole-brainmicrostructural alterations of whitematter in a large drug-naive populationwho survived a speciﬁc,
severe traumatic event (a major 8.0-magnitude earthquake). Using diffusion tensor imaging (DTI), we explored
group differences between 88 PTSDpatients and 91matched traumatized non-PTSD controls in fractional anisot-
ropy (FA), as well as its component elements axial diffusivity (AD) and radial diffusivity (RD), and examined
these ﬁndings in relation to ﬁndings from deterministic DTI tractography. Relations betweenwhitematter alter-
ations and psychiatric symptom severity were examined. PTSD patients, relative to similarly stressed controls,
showed an FA increase aswell as AD and RD changes in thewhitematter beneath left dorsolateral prefrontal cor-
tex and forceps major. The observation of increased FA in the PTSD group suggests that the pathophysiology of
PTSD after a speciﬁc acute traumatic event is distinct from what has been reported in patients with several
years duration of illness. Alterations in dorsolateral prefrontal cortex may be an important aspect of illness path-
ophysiology, possibly via the region's established role in fear extinction circuitry. Use-dependent myelination or
other secondary compensatory changes in response to heightened demands for threat appraisal and emotion
regulation may be involved.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Posttraumatic stress disorder (PTSD) is a response to traumatic
experiences characterized by four main symptom clusters: re-
experiencing symptoms (e.g. ﬂashback and nightmares), avoidance
symptoms, negative cognitions and mood, and arousal symptoms
(e.g. hypervigilance and exaggerated startle). Given its high life-
time prevalence of 6.8% in the American general population, and
its signiﬁcant morbidity (Kessler et al., 2005), there is an urgent
need to better understand its neurobiology.r (HMRRC) and Department of
ngdu, Sichuan 610041, China.
. This is an open access article underA recent meta-analysis from our group showed that PTSD is asso-
ciated with gray matter abnormalities (Li et al., 2014). Fewer studies
have investigated white matter integrity (for a recent review
(Daniels et al., 2013)). Results of these studies have been inconsis-
tent, with reports of decreased fractional anisotropy (FA) in corpus
callosum (Kitayama et al., 2007; Villarreal et al., 2004), prefrontal
cortex (PFC) (Schuff et al., 2011), anterior cingulum (Kim et al.,
2005; Schuff et al., 2011; Zhang et al., 2011) and posterior
cingulum (Fani et al., 2012b), but also of increased FA in anterior cin-
gulum (Abe et al., 2006) and superior frontal gyrus (Zhang et al.,
2011).
There are important methodological issues regarding imaging
protocols and patient sample characteristics that may contribute to
the variability in study ﬁndings. Most early white matter studies in
PTSD used manual tracing analysis in predeﬁned regions of interestthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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results are highly reliant on anatomically speciﬁc prior hypotheses
(Lee et al., 2009). This ROI-bias is avoided by whole-brain voxel-
based analysis (Bandettini, 2009). Second, most previous voxel-
based studies had small patient samples, and this might limit the
reliability of results and sensitivity to illness effects (Abe et al.,
2006; Fani et al., 2012b; Kim et al., 2005; Schuff et al., 2011;
Zhang et al., 2012). Third, most studies have examined chronically
ill patients treated with psychotropic medications, so that multiple
secondary factors might differentially impact neuroanatomic mea-
surements in the PTSD patients. Fourth, most prior studies com-
pared PTSD patients to non-traumatized healthy controls, making
it difﬁcult to determine whether observed effects were related to
PTSD per se or simply to traumatic stress exposure (Li et al.,
2014). Only a few studies have compared PTSD patients to controls
who experienced similar psychological trauma but did not develop
PTSD (Abe et al., 2006; Schuff et al., 2011), and those studies often
were complicated by psychotropic medication. Fifth, the nature,
intensity and duration of trauma often varied widely among study
participants. Studies using voxel based approaches with large
samples of individuals with PTSD who experienced discrete stress
compared to similarly stressed healthy individuals may better
clarify PTSD neurobiology.
Diffusion tensor imaging (DTI) is particularly powerful for evalu-
ating microstructural integrity of white matter by analyzing the re-
stricted diffusion of water molecules (Catani, 2006). It can detect
early neuropathological changes using quantitative indicators such
as FA, which is thought to reﬂect ﬁber density, axonal diameter and
myelination in white matter (Basser et al., 1994a; Basser et al.,
1994b). Other DTI parameters that in combination determine FA,
such as axial diffusivity (AD, along the axon) and radial diffusivity
(RD, perpendicular to the main axonal axis) yield potentially more
speciﬁc information. In animal studies, AD and RD have been identi-
ﬁed as reﬂecting axonal and myelin integrity, respectively, that un-
derlie changes in FA (Song et al., 2003; Song et al., 2002). Although
methodological factors qualify their interpretation (Wheeler-
Kingshott and Cercignani, 2009), these parameters provide poten-
tially useful insight into the neurobiology of brain disorders. Few
previous DTI studies of PTSD exploited the speciﬁc directional diffu-
sivities (AD and RD), or used deterministic tractography to delineate
the origins of ﬁbers passing through regions with altered white mat-
ter anisotropy.
This study used DTI to investigate whole-brain microstructural
alterations of white matter in a large sample of PTSD patients and
controls, both of whom had survived a major 8.0-magnitude earth-
quake that occurred near a highly populated region of West China.
Those diagnosedwith PTSDwere compared to thosewhodid not devel-
op the disorder (‘non-PTSD’) to control for general stress effects. The
potential power of this study to illuminate the neuropathophysiology
of PTSD is enhanced by several factors: 1) the unique characteristic of
the trauma event involving a single, discrete period of acute emotional
distress, 2) the relatively homogeneous demographic characteristics
of the trauma survivors, 3) the use of non-PTSD controls exposed to
similar trauma to control for general stress effects, 4) a relatively
large study population free from psychotropic medication, and
5) the use of advanced techniques for analyzing the DTI data includ-
ing the separation of radial and axial diffusivity and deterministic
DTI tractography. Our previous functional magnetic resonance imag-
ing (fMRI) studies using some of the present study participants
found altered function in prefrontal-limbic system (Jin et al., 2014;
Lei et al., 2015a; Yin et al., 2012; Yin et al., 2011a; Yin et al.,
2011b). However, anatomic alterations underlying the functional
abnormalities were not examined. Based on prior ﬁndings from our
sample and other laboratories, we hypothesized that there are
white matter abnormalities in prefrontal cortex in PTSD patients,
and that they are related to PTSD severity.2. Materials and Methods
2.1. Subjects
We recruited subjects who survived a severe earthquake (magni-
tude 8.0) in Sichuan Province of western China. A large-scale PTSD sur-
vey was conducted among 4200 survivors whowere screened with the
PTSD checklist (PCL) (Weathers et al., 1993). To be included in our
study, the survivors needed to have (i) physically experienced the
earthquake, and (ii) personally witnessed death, serious injury or the
collapse of buildings, but (iii) suffered no physical injury, head trauma
or loss of consciousness for N5min. These criteria ensured that all survi-
vors were exposed to generally similar traumatic stress intensity. Survi-
vors with PCL scores ≥35 points were screened using the clinician-
administered PTSD scale (CAPS) (Blake et al., 1995) and the Structured
Clinical Interview for the Diagnostic and Statistical Manual of Mental
Disorders, fourth edition (SCID) to conﬁrm the PTSD diagnosis. Four
hundred and ﬁfteen eligible PTSD patients were identiﬁed from the sur-
vey. The SCID was also used to exclude individuals with current or past
psychiatric illness, and any history of alcohol or drug abuse (n = 134).
Participants also were excluded with any history of or current brain in-
jury (n = 12), any signiﬁcant medical or neurological conditions (n =
58), pregnancy (n= 0), anyMRI contraindication (n= 81), left handed
(n= 16), brain lesions identiﬁed at theMRI examination (n= 5), CAPS
scores b50 points (n = 11) or age ≤18 years (n = 10). All patients in-
cluded had no psychotropic medication use in the prior two months
(to limit possible confounding effects on brain structure). Finally, 88
PTSD and 91 demographically matched non-PTSD study-eligible indi-
viduals were selected for this study. This study was approved by the
local university ethics committee. Written fully-informed consent was
obtained from all participants.
2.2. Imaging Acquisition
MRI data were acquired on a 3 T MRI system (EXCITE; General Elec-
tric) at the Department of Radiology inWest China Hospital using an 8-
channel phased-array head coil. The head was stabilized with cushions
and ear plugs were used. DTI data, with 15 noncollinear directions (b=
1000 s/mm2), as well as a reference image without diffusion weighting
(b= 0), were acquired using a single-shot spin-echo echo planar image
(SE-EPI) sequence. Array spatial sensitivity encodingwasused to reduce
susceptibility and eddy-current artifacts. Scan parameters were as fol-
lows: repetition time (TR)=12,000ms; echo time (TE)=70.8ms;ma-
trix = 128 × 128 mm2 on 240 × 240 mm2 ﬁeld of view (FOV); slices
3 mm without gap. Pairs of images during acquisition were averaged
to increase resolution of MRI data.
2.3. Image Analysis
DTI preprocessing, including skull stripping using the Brain Ex-
traction Tool (BET, http://fsl.fmrib.ox.ac.uk/fsl/bet2/) and eddy cur-
rent correction for distortions induced by the head movement and
eddy currents, were performed using the FMRIB Software Library
(FSL 4.1, Oxford, U.K., http://www.fmrib.ox.ac.uk/fsl/). A diffusion
tensor model was ﬁtted to each voxel to create FA and eigenvalue
(λi, i = 1, 2, 3) images. The parametric map of eigenvalue λ1 repre-
sents that of AD (λ|| = λ1), while RD was calculated by using the
image manipulation subroutine (ImCalc) function in SPM8 [λ⊥ =
(λ2 + λ3) / 2].
A whole-brain voxel-wise analysis was then performed with SPM8
software (http://www.ﬁl.ion.ucl.ac.uk/spm/) running in MATLAB 2010
(MathWorks, Natick, Mass). For each subject, the FA, AD and RD images
were normalized to the standardMontreal Neurological Institute (MNI)
space, based on the deformation information generated from the un-
weighted image (B0 image) and using the echo-planar imaging (EPI)
template supplied with SPM8, each voxel being 2 × 2 × 2 mm3. The
Table 1
Demographic and clinical characteristics of PTSD patients and non-PTSD controlsa.
Characteristics PTSD patients
(n = 88)
Non-PTSD controls
(n = 91)
t or x-test
P value
Mean ± SD Mean ± SD
Age (years)b 43.0 ± 10.4 43.7 ± 9.9 0.662
Education (years)d 7.0 ± 3.0 6.9 ± 3.4 0.781
M:F 28:60 25:66 0.524c
Time since trauma (month)b 11.1 ± 2.3 11.6 ± 2.2 0.193
CAPS 62.9 ± 10.6 23.3 ± 10.4 b0.001
PCL 47.3 ± 12.6 28.1 ± 7.1 b0.001
Abbreviations: PTSD: posttraumatic stress disorder; CAPS: clinician-administered PTSD
scale; PCL: PTSD checklist.
a Analyses of demographics and clinical data were performed in SPSS 20.0 software
(http://www.spss.com). All tests were two-tailed. No signiﬁcant differences were found
between PTSD patients and non-PTSD controls in age, gender, education and time since
trauma.
b Age and time since trauma were deﬁned at the time of magnetic resonance scanning.
c The P value was calculated by Chi-squared-test.
d Years of education refers to the total number of years of completed education as re-
ported by participant.
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(6-mm full width at half maximum) for statistical analysis.
2.4. Statistical Analysis
The normalized and smoothed FA values for each voxel across the
whole brain for PTSD patients and controls were compared using
two-sample t-test in SPM8. The statistical maps were thresholded
at p b 0.05 at the voxel level after false discovery rate (FDR) correc-
tion, using an extent threshold of p b 0.005 (uncorrected) with a
minimum cluster size of 50 voxels. The average FA, AD and RD values
of all voxels in each signiﬁcant cluster identiﬁed from the FA maps
were extracted by using a volume-of-interest approach through the
MarsBaR toolbox in SPM8, and analyzed by using SPSS to contrast
groups using two sample t-tests. Partial correlation analysis was per-
formed in PTSD patients between FA values in each region with sig-
niﬁcant group differences and CAPS scores, using age and gender as
covariates. The time from trauma until scanning, which was relative-
ly narrow in our study, was not related to MRI parameters so it was
not included as a covariate.
2.5. Deterministic Tractography
Deterministic DTI tractography was performed in Diffusion Toolkit
and Trackvis software (www.trackvis.org), after preprocessing datasets
using SPM8 software. For each subject there were 4 steps. First the
transformation matrix (T), i.e. the normalized B0 image, was converted
to the inverse transformation (T−1). This T−1 was then applied to the
ROI segmentations identiﬁed by the FA maps in standard MNI space in
order towarp the images to DTI native space. These two stepswere per-
formed in SPM8 software. Third, the preprocessed datasets of both
groups were reconstructed to generate tractography maps using Diffu-
sion Toolkit software. Lastly, the ﬁber tracts passing through regions
with abnormal white matter in the PTSD patients identiﬁed in the FA
maps were reconstructed and displayed by Trackvis software for each
subject to identify which major tracts projected through regions with
white matter abnormalities.
2.6. Role of the Funding Source
The funding source had no role in the study design, data collection,
data analyses, or data interpretation. The corresponding author had
full access to all the data in the study and had ﬁnal responsibility for
the decision to submit for publication.
3. Results
3.1. Demographic and Clinical Comparisons
Demographic and clinical characteristics of study participants are
summarized in Table 1. There were no signiﬁcant differences between
the PTSD and control subjects in age, gender, education or time since
trauma.
3.2. Voxel-Based Analysis
The voxel-based analysis showed signiﬁcantly increased FA in the
PTSD group in two regions of left dorsolateral prefrontal cortex
(DLPFC), localized beneath the left superior and middle frontal gyri,
and in the left forceps major of the corpus callosum (Fig. 1, Table 2).
3.3. Axial and Radial Diffusivity Analysis
Focusing on the high-FA ROIs identiﬁed in the left superior andmid-
dle frontal gyri, post hoc analysis showed decreased RD (p= 0.009 and
p b 0.0001, respectively) and decreased AD (p = 0.012 and p b 0.0001,respectively) in PTSD patients relative to non-PTSD controls. Though a
decrease in AD tends to be associated with decreased FA, this effect is
outweighed by changes in the dominant effect of RD decrease. The re-
duction in RD was 9.0% compared to only 3.9% for AD in PTSD patients
relative to controls. For the leftmiddle frontal gyrus, therewas a 9.2% re-
duction in RD compared to a 5.6% reduction for AD values in PTSD pa-
tients relative to controls. By contrast, in the high-FA region in the left
forcepsmajor, analysis showed decreased RD (p=0.001) but increased
AD (p=0.004) (Fig. 2). FA, AD, RDmeans and standard deviationswith
p values are presented in Table S1. In addition, an exploratory whole-
brain voxel-based analysis for RD and AD is shown in Supplementary
Materials, with altered-RD or AD brain areas overlapping closely with
high-FA areas (Table S2, Figure S1).
3.4. Partial Correlation Analysis
Partial correlation analysis between clinical measures and DTI pa-
rameters in regions with demonstrated FA abnormalities revealed a
positive correlation between FA in the middle frontal gyrus and CAPS
scores in patients with PTSD (r = 0.349, p = 0.001) (Fig. 3B). Correla-
tions between CAPS scores with FA in the superior frontal gyrus and
the forceps major were not signiﬁcant.
3.5. Deterministic Tractography
The tractography analysis indicated that the cluster of increased FA
in the left superior frontal gyrus received the most robust projections
from the genu of the corpus callosum and the left anterior thalamic ra-
diation. The left middle frontal gyrus was identiﬁed as the terminal as-
pect of the thalamic radiation (Mori et al., 2005). The forceps major is
located at the interface between crossing ﬁbers from the splenium of
the corpus callosum and the inferior longitudinal fasciculus. The
tractography map is presented in Fig. 3A.
4. Discussion
The present study explored white matter abnormalities in indi-
viduals who had experienced a discrete and severe psychological
trauma, somewho later developed PTSD after the trauma and a com-
parison group who did not. Notably, the two participant groups had
similar, severe trauma exposure and homogenous demographic
characteristics, and were not receiving psychiatric medications. Fur-
ther, the PTSD group had a relatively high homogeneity of illness du-
ration and time since trauma. Analysis of the DTI data included not
only the conventional parameter FA, but its component elements of
Fig. 1. Regions with signiﬁcantly increased fractional anisotropy in PTSD patients compared with non-PTSD controls. Images are presented in neurological orientation. In PTSD patients
relative to non-PTSD controls, FA was increased in A) the left prefrontal cortex, including the left superior and middle frontal gyrus, and B) left forceps major of the corpus callosum. Sta-
tistical inferences were made with a voxel-level statistical threshold (p b 0.05) after false discovery rate correction, and an extent threshold of p b 0.005 (uncorrected), with a minimum
cluster size of 50 voxels. Abbreviations: PTSD = posttraumatic stress disorder; non-PTSD = traumatized survivors without PTSD.
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ter integrity. The main ﬁndings included white matter abnormalities
in two regions of left DLPFC, localized to the left superior and middle
frontal gyri, and in left forceps major. Diffusion alterations in the left
middle frontal gyrus were related to PTSD clinical ratings. These re-
sults suggest speciﬁc and clinically relevant associations between
PTSD symptomatology and patterns of diffusion alterations in dorso-
lateral prefrontal cortex in a relatively large group of single-incident,
severely traumatized individuals with PTSD relative to similarly
stressed controls.
This FA increase in left superior frontal gyrus is consistentwith a pre-
vious study that reported increased FA in drug-free PTSD patients who
survived a severe coalmine accident at 2monthspost-trauma, generally
similar to the sample in the present study (Zhang et al., 2011). In con-
trast, most studies of PTSD patients with multiple, diverse traumatic
events and longer symptom duration of several years have reported de-
creased FA (Daniels et al., 2013; Schuff et al., 2011). For example, Schuff
et al. reported decreased FA in the prefrontal cortex inmalemilitary vet-
erans with PTSD (mean illness duration: 14 years) (Schuff et al., 2011).
This difference in ﬁndings between studies of ﬁrst-episode medication-Table 2
Regions showing signiﬁcantly increased fractional anisotropy in PTSD patients compared
with non-PTSD controls.
Anatomical regions T
valueb
Cluster size
(voxels)
MNI coordinate
(X, Y, Z)a
Left superior frontal gyrus 5.39 45 −24 58 4
Left middle frontal gyrus 4.67 9 −38 52 8
Left forceps major 4.77 26 −26−58 18
a MNI location is peak of cluster.
b All effects survived a voxel-wise statistical threshold (p b 0.05) at the voxel level after
false discovery rate correction, and an extent threshold of p b 0.005 (uncorrected), with a
minimum cluster size of 50 voxels.free patients after speciﬁc acute trauma and patients ill with PTSD for
several years may be related to a distinct pathophysiology of relatively
early illness manifestations, and perhaps also to PTSD that results
from a speciﬁc single-incident stressor. They also might reﬂect adapta-
tions and compensations for chronic PTSD, or effects of chronic drug
treatment. Another possible explanation for differences in our ﬁndings
relative to some prior studies of more chronically ill patients may be
that we included stressed non-PTSD samples as controls instead of
non-exposed community controls. The non-PTSD subjectswhowere re-
silient to the same traumatic event may have prior brain characteristics
that contributed to the resilience, such as a well-organized DLPFC inhi-
bition system manifest in a FA decrease (Chen et al., 2013). While our
ﬁndings help understand the brain differences in those who do and do
not develop PTSD after major stress, future comparative studies of
non-exposed controlswithin theﬁrst year after stressmay also be infor-
mative for understanding illness consequences and perhaps for identi-
fying general stress effects that do not lead to PTSD. In particular, the
observation of FA abnormalities in the present study suggests a critical
role of alterations in prefrontal cortex in ﬁrst-episode medication-free
PTSD. However, whether and how white matter alterations in this re-
gion may change over the longer term course of illness remains to be
determined by longitudinal studies.
Changes in FA in relation to changes in RD and AD suggest that the
greatest change in white matter microstructure was a reduction in RD
that led to an increase in FA values. FA is an aggregate index of white
matter integrity. It essentially reﬂects the prominence of diffusion
along axons relative to diffusion perpendicular to the wall of the axon.
It thus reﬂects complex tissue properties such as intra- and extra-
cellular volume, ﬁber coherence, axonal density and degree of
myelination, and thus interpretation about any speciﬁc alteration in
white matter from FA measures must be made with caution (Jones
et al., 2013). Analysis of axial and radial diffusivities can help deﬁne
the neurobiological determinants of altered white matter micro-
structure. Data from animal studies suggest that AD is primarily an
Fig. 2. Radial diffusivity and axial diffusivity in PTSD patients and non-PTSD controls. RD and AD values differed signiﬁcantly in the left superior frontal gyrus, left middle frontal gyrus and
left forcepsmajor between the two groups. Abbreviations: RD= radial diffusivity; AD= axial diffusivity; PTSD=posttraumatic stress disorder; non-PTSD= traumatized survivorswith-
out PTSD; SFG = superior frontal gyrus; MFG = middle frontal gyrus; FM= forceps major.
Fig. 3. Brain regions showing relationships between FA and clinician-administered PTSD scale scores in PTSD patients, and the tractographymap. A) The DTI tractographymap shows the
tracts traversing clusters with increased FA in a representative subject color-coded by ﬁber direction. The clusters in the left prefrontal cortex lie in the terminal of the genu of corpus
callosum and the anterior thalamic radiation, and the forceps major at the intersection of crossing ﬁbers from the splenium of corpus callosum and longitudinal fasciculus. B) The corre-
lation analysis showed that, in PTSD patients, FA values in the middle frontal gyrus signiﬁcantly correlated with CAPS scores (p = 0.001). Abbreviations: CAPS = clinician-administered
PTSD scale; FA= fractional anisotropy; SFG= superior frontal gyrus; MFG=middle frontal gyrus; FM= forceps major; PTSD=posttraumatic stress disorder; non-PTSD= traumatized
survivors without PTSD.
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2003; Song et al., 2002; Song et al., 2005). In the region of increased
FA in the left superior and middle frontal gyri in PTSD, we saw a de-
crease both in AD and in RD relative to controls. Thus, the pattern of
effects we observed is likely the manifestation of complex micro-
structural changes affecting both axon and myelin. This is consistent
with our DTI study in children with PTSD that also identiﬁed both AD
and RD alterations (Lei et al., 2015b).
While interpretation needs to be made with caution, the ﬁndings
from the present study are most consistent with a pattern of
decreased axonal density or disturbed intracellular structure sug-
gested by the reduced AD, and increased glial cell density or higher
myelination suggested by the reduced RD. The increase in FA
appeared to be primarily a result of increased myelination (lower
RD), which could be induced by increased oligodendrocyte growth
or migration through a glial-axonal communication mechanism acti-
vated by increased rates of action potentials in ﬁbers of passage
forming affected ﬁber tracts (Demerens et al., 1996; Schlegel et al.,
2012). The increased oligodendrocytes could account for both in-
creased myelin (lower RD) and reduced axonal density (lower AD)
(Caprihan et al., 2015).
The pattern of MRI ﬁndings in the present study contrast with ﬁnd-
ings from studies of patients with several years duration of illness in
which diminished neuronal plasticity appears to represent the more
prominent deﬁcit (Schuff et al., 2011). We note that in our cross-
sectional clinical study it is not possible to exclude the possibility that
more myelin preexists in those at risk to develop PTSD. Other possibili-
ties and factors also require consideration. For example, an FA increase
can result from greater directional coherence of diffusion resulting
from more coherent ﬁber tract organization and less neuronal
branching (van Ewijk et al., 2012). A mechanism such as this might ex-
plain the increased FA we observed in the forceps major of the corpus
callosum. Tractography shows that the increased FA in left forceps
major is at the intersection of crossing ﬁbers from the splenium of the
corpus callosum and the inferior longitudinal fasciculus. FA increase at
locations where ﬁbers cross can reﬂect increased thickness of a domi-
nant tract or degeneration of the non-dominant crossing ﬁbers (Radua
et al., 2014).
PFC dysfunction has been linked to stress-related disorders such
as PTSD in animal models as well as patient studies (Arnsten,
2009). The DLPFC is critical for “top-down” cognitive control, work-
ing memory, control of attention, and mood regulation (Aupperle
et al., 2012; Goldman-Rakic, 1996; Stein, 2008), and has reciprocal
connections to limbic system regions such as the amygdala and
hippocampus via projections from ventromedial PFC (Hartley and
Phelps, 2010). Studies have shown the crucial role of these regions
and their functional relationships in fear extinction learning
(Maren and Quirk, 2004; Milad et al., 2006), and thus our ﬁnding of
white matter alterations in DLPFC is consistent with the idea that
abnormalities in these regions are pivotal in PTSD (Lyoo et al.,
2011; Rauch et al., 2006).
Increased neuronal activation could lead to cellular swelling and also
activity-dependent myelin-modulation via increased astrocyte activity
(Messina et al., 2015), which could account for the diffusion alterations
in our ﬁndings. Therefore, one plausible and perhaps most likely expla-
nation for our ﬁndings is that use-dependentmyelination in dorsolater-
al prefrontal neurocircuitry may alter the underlying structure in this
brain region in ﬁrst-episode medication-free PTSD patients. The very
slow ontogeny of the PFC, whose maturation extends to the third de-
cade, may be another factor to explain why this region shows high plas-
ticity in our adult sample and in PTSD (Chen et al., 2013). While our
ﬁndings identify circuitry affected, the reasons why this speciﬁc circuit-
ry is vulnerable to stress effects remain important to clarify in future
clinical and preclinical research.
We found a signiﬁcant correlation between increased FA in the left
middle frontal gyrus and clinical severity of PTSD symptoms. Theassociation between PFC alterations and PTSD severity is consistent
with conceptualizations of PTSD pathophysiology which propose
an important role of dorsal frontal networks in threat cue appraisal,
which is dramatically altered in PTSD (Etkin et al., 2011). The in-
creased FA in DLPFC may reﬂect a dysfunction in neural systems
that leads to ampliﬁed threat evaluation via a selective disruption
in cognitive evaluation of events and reduced top-down modulation
of emotional reactivity (Fani et al., 2012a). Reports of altered brain
function in prefrontal cortex in PTSD are consistent with this possi-
bility (Patel et al., 2012), and our ﬁndings suggest that an alteration
in the anatomic structures in this region may underlie these physio-
logical and behavioral features of PTSD.
Corpus callosum abnormalities have been relatively consistent ﬁnd-
ings in PTSD (Daniels et al., 2013). The cluster we identiﬁed was pre-
dominantly in a posterior aspect consisting largely of transcallosal
ﬁbers of the occipital lobe. Tractography of that region showed ﬁbers
projecting into the cuneus and lingual gyrus, central components of oc-
cipital lobe visual processing. According to recent clinical fMRI studies, a
hallmark symptom of PTSD, ﬂashback, is often associated with in-
creased activation in the ventral occipital cortex, a region involved in
higher-level visual processing and mental imagery (Bourne et al.,
2013; Kosslyn et al., 2001). Thus, abnormalities in this regionmay be re-
lated to persistentﬂashback experiences,which are a prominent clinical
feature of PTSD because of their nature as highly emotional, visual
memories of threatening situations. This raises the possibility that
white matter alterations might be secondary to increased physiolog-
ical activity related to visual reprocessing, which might parallel the
increased FA in PFC which could be related to heightened demands
for threat appraisal and emotion modulation. While our ﬁndings in-
dicate that white matter alterations occur relatively early in the
course of PTSD, it remains to be determined whether they identify
at-risk individuals, cause functional alterations, or result from func-
tional alterations.
Thus while our ﬁndings represent a signiﬁcant advance in under-
standing region-speciﬁc white matter changes relatively early in the
course of PTSD, they raise important next-step questions for future re-
search. First, the extent to which the diffusion alterations we observed
represent pre-existing risk factors or effects of illness remains to be de-
termined. Second, longitudinal studies are needed to determinewheth-
er illness progression effects suggested by comparison of cross-sectional
studies of PTSD patients shortly after illness onset and after a chronic
course of illness truly reﬂect course of illness effects. Further, longer-
term follow-up would more deﬁnitively differentiate those who even-
tually do and do not develop PTSD. Third, studies are needed over the
course of illness to determine whether anatomic changes disrupt func-
tion, or functional changes are driving changes in brain anatomy.
Fourth, non-traumatized healthy controls need to be evaluated together
with stressed non-PTSD controls in future research for several reasons
including delineation of stress effects independent of PTSD. Fifth, a tech-
nical limitation of the current work is the comparatively low number of
gradient directions, which limits the quality of the available data. Future
studies with more gradient directions in DTI acquisition are needed to
improve the accuracy of tractography and explore the neurocircuitry
in PTSD using connectivity analyses.
Our study provides new insight into the microstructural abnormali-
ties of white matter in a relatively large unmedicated group of single-
incident trauma PTSD patients which differs from observations seen in
patients followed after years of multiple and diverse trauma and treat-
ments. We identiﬁed key areas of distinct white matter alteration in
dorsolateral prefrontal cortex and left forceps major. Our observation
of increased FA in PFC, together with previous reports of increased neu-
ral activity in dorsolateral prefrontal circuitry, is most consistent with
the possibility of increased oligodendrocyte growth or other secondary
compensatory changes in response to heightened demands for threat
appraisal and emotion regulation that could lead to use-dependent
myelination.
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